The distribution static compensator (DSTATCOM) is used for various purposes such as load balancing, harmonic rejection, and power factor correction (PFC) in power distribution networks. In unbalanced and polluted power systems, the classic definition of power factor cannot be used for PFC due to the existence of harmonics and negative sequence components in voltage and current waveforms. In this paper, PFC is performed using the IEEE power factor definition for harmonic and unbalanced environments. Moreover, the application of a proportional-resonant (PR) controller is proposed as an effective controller in the stationary frame for DSTATCOM performance improvement. The PR controller is used in the abc-frame for load balancing and is then compared theoretically and by simulation with the conventional PI controller, which has the main drawback of steady-state error when used in the stationary frame. To improve the DSTATCOM structure, an LCL harmonic filter is used as it is advantageous over the L/LC filter in terms of the size of the filter. The proposed DSTATCOM compensates for the disturbances in the source current imposed by nonlinear, unbalanced, and low power factor loads. Simulation results show the capability of the DSTATCOM including the proposed PR controller in improving the power quality of distribution systems.
Introduction
Nowadays, the rapid growth of power electronic devices and nonlinear and unbalanced loads has degraded the power quality of power distribution networks [1] . Moreover, a great portion of power consumption has been used by reactive loads, such as fans and pumps. Such loads draw lagging power factor currents and, thus, give rise to reactive power consumption in the distribution system. This situation becomes even worse in the presence of unbalanced loads. Excessive reactive power demand increases the ohmic losses and reduces the active power flow capability of the distribution system, whereas voltage unbalance has an adverse impact on the operation of transformers and generators [2] . To improve the quality of power, active power filters have been proposed [3] [4] [5] .
To measure power quality, several standards such as IEEE 519-1992, IEEE Std. 141-1993, and IEC 1000-3-2, have been proposed [6] [7] [8] .
The DSTATCOM is a shunt-connected compensator that injects currents into the distribution system through a current-controlled voltage-source inverter (VSI) [9] [10] [11] . The DSTATCOM is used for harmonic filtering, power factor correction, and load balancing. The VSI is used as an interface between a DC storage capacitor and the distribution system. The DSTATCOM performance is dependent on the control algorithm used to derive the reference current components. Several control schemes have been reported in the literature [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Genetic and fuzzy logic algorithms have been used to find the PI controller parameters of the DSTATCOM [12, 13] . In [12] based on the error and its variation, a segmented PI strategy is presented. Utilization and selection of the proposed strategy have been performed according to fuzzy rules. An adaptive control strategy for the DSTATCOM on the basis of artificial immune system (AIS) is presented in [14] . This method uses the particle swarm optimization algorithm to obtain the optimal parameters of the controller. The controller parameters are adaptively adjusted when unknown and random disturbances are imposed on the system. The method also provides adaptive immunity for the control system. The aforementioned references do not consider power factor correction, harmonic suppression, or load balancing.
A neural network (NN)-based control algorithm for a 3-phase 4-wire DSTATCOM is proposed in [15] . The method compensates for the load current harmonics and zero-sequence current, balances the load voltage, regulates the voltage, and controls the power factor. In [16] , a control algorithm based on the leaky least-meansquare method is proposed for a 3-phase DSTATCOM. The main advantage of the proposed control algorithm is that it has an improved dynamic response. Control algorithms based on an enhanced phase-locked loop (EPLL) scheme are also implemented for load balancing, reactive power compensation, and harmonic elimination in zero voltage regulation (ZVR) and PFC modes of operation of the DSTATCOM [17] . In such methods, the EPLL is used for harmonic and interharmonic estimation. A composite observer-based control algorithm is implemented in a 3-phase DSTATCOM for improving power quality, e.g., harmonic elimination, reactive power compensation, load balancing, and neutral current compensation in a 3-phase 4-wire distribution system [18] [19] [20] . In [21] , a linear sinusoidal tracer control algorithm based on adaptive theory is used by a DSTATCOM for the extraction of fundamental components of load currents in 3-phase loads. Power factor correction and zero voltage regulation along with load balancing and harmonics elimination are carried out by the method. Good accuracy of detection, performance stability, and fast dynamic response are some of the advantages of the proposed control strategy. The aforementioned methods do not propose a general definition for power factor when the power system is polluted with harmonics and unbalanced conditions. Most existing methods use a rotating reference frame (dq-frame) for modeling and control of 3-phase systems. The dq-frame is advantageous as it converts the time-varying sinusoidal signals to the step-like signals, and, as a result, the use of a PI controller can eliminate the steady-state error and provides a good performance for the closed-loop system. Nevertheless, the dq-frame suffers from double-frequency ripples resulting from the unbalanced conditions.
To overcome the shortcomings of the existing methods, this paper employs a P+Resonant (PR) controller for power factor correction, DC-link voltage control, and load voltage balancing in the abc-frame. The PR controller is structurally simple and is used to eliminate the steady-state error when the reference signal is sinusoidal [22] . In the proposed scheme, in order to eliminate the current harmonics, the load current is fed to a low pass filter (LPF) and the output of the LPF is added to the reference signals generated by the other control blocks.
The paper is organized as follows. The general structure of the DSTATCOM is provided in Section 2. The basis of the proposed control method is described in Section 3. In Section 4, the inverter harmonic filter design is described. Finally, the simulation results are provided in Section 5, which show the effectiveness of the proposed control scheme for the DSTATCOM.
The DSTATCOM components
A typical DSTATCOM connected to a distribution system is shown in Figure 1 . The DSTATCOM essentially consists of an injection transformer, an inverter output filter, a voltage source converter (VSC), and a DC-link capacitor. A VSC consisting of 12 switches (3 full H-bridge converters) is used to compensate for each phase individually. In fact, the VSC performs as 3 single-phase converters so that it can cope with zero sequence currents under unbalance conditions. The VSC generates some high-frequency harmonics due to the switching function. Thus, a filter is used to eliminate the high-frequency harmonics. In this paper, an LCL filter is used for this purpose. Most existing methods use a simple first-order L filter. However, the series L filter is usually bulky and inefficient. The LCL filters can meet the grid interconnection standards at a smaller size and lower cost. Design of the LCL filter will be explained in section 4. In this section, to define power factor under harmonic and unbalanced conditions, we adopt IEEE std 1459-2010 [23] . The harmonic components of voltages and currents are extracted using low-pass and band-pass filters. Suppose that the system is polluted with dominant harmonics of 2nd, 3rd, 5th, and 7th order. After extracting the harmonic components, the positive-, negative-, and zero-sequence of the fundamental component of the signal expressed by Eq. (1) is extracted as in [24] :
where "T" is the period of signal "u". Subscripts "a", "b", and "c" represent phases, and subscript "1" denotes the fundamental component. Moreover, the superscripts "+", "-", and "0" represent positive-, negative-and zero-sequence, respectively. The fundamental component of active power (P + 1 ) for positive-sequence can be computed as
where V + 1 and I + 1 are the fundamental components of positive-sequence of voltage and current, respectively, and φ + 1 is the phase difference between them. The total apparent power (S e ) will be as follows:
where V e and I e are the equivalent voltage and current, respectively, and are expressed as follows:
In (4), V e1 and I e1 are the fundamental components of the equivalent voltage and current, and are derived as follows:
Thus, the power factor (PF) under harmonic and unbalanced conditions is defined as Figure 2 shows a block diagram of the proposed control strategy for compensation of harmonics, unbalance, and power factor. The proposed control scheme consists of 3 control loops: power factor correction loop (part (a)), load balancing loop (part (b)), and part (c), which compensates for harmonics and determines the final reference signal for DSTATCOM. The outputs for the control loops of parts "a" and "b" have the main frequency (i.e.
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50 Hz), but the one for part "c" has the frequency components that should be compensated.
As seen from Figure 2a , PF is computed according the definition given in IEEE std 1459-2010, i.e. Eqs. (1)- (7) are used to determine the PF. Then the error signal between the PF and its reference value is applied to "P+Resonant controller 1" block to derive the q-axis component of the DSTATCOM fundamental component injection current, which is needed to provide reactive power that is sufficient for the PF correction. The PR controller [22] 
where k P and k I are the proportional and resonant gains, respectively, and ω 0 is the resonant frequency of the PR controller. The resonant controller introduces an infinite gain at the resonant frequencyω 0 to eliminate the steady-state error of the voltage. It is to be noted that an infinite gain is not attainable in practice. Therefore, the following realizable transfer function is used:
where ω cut is the compensator cut-off frequency and is set to 0.5 rad/s for this application. The bode plots of the PR controllers are given in Figure 3 . As it is observed, the magnitude plot rolls off after the cut-off frequency.
To regulate the DC-link voltage and to compensate for the PF, ω 0 is set to zero in the PR controller. Moreover, to eliminate the negative-sequence of the current, ω 0 in the PR controller is set to 314 (i.e. 2π f with f = 50
Hz).
The PR controller presents better performance as compared to a PI one when the system is modeled in the synchronous reference frame and therefore the reference signals are sinusoidal. Hence the previously known shortcomings associated with conventional PI controllers, such as the presence of steady-state error in the stationary frame and the need to decouple phase dependency in 3-phase systems, can be alleviated. As observed from Figure 2a , the voltage of the DC-link capacitor is regulated using the d-axis component of the DSTATCOM fundamental component injection current, which is needed to provide active power that is sufficient for the DC-link voltage regulation. The reference of DC-link voltage is set to 15 kV.
To balance the load voltage, the negative-sequence of the fundamental component of the source current is first extracted (Figure 2b ). It is then applied to the negative-sequence control block. The details of the negative-sequence control loop are shown in Figure 4 . As can be seen, the PR controller is incorporated in the synchronous reference frame and the negative sequence signals, which should be compensated, are sinusoidal. Hence, there is no need to decouple phase dependency. 
Harmonic filter design
The DSTATCOM injects undesirable harmonics into the grid. Hence, the design of an appropriate filter to effectively attenuate such high-frequency switching harmonics is of paramount importance. Most existing DSTATCOMs proposed in the technical literature use a simple first-order L filter. However, the L filter is bulky and inefficient, and does not meet the specified requirements for the switching ranges of mid-to highpower inverter applications. Therefore, in this paper, an LCL filter is adopted in order to meet the grid interconnection standards at significantly smaller size and cost [25] . The per-phase equivalent circuit of an LCL filter is shown in Figure 5 . The inverter output voltage and current are represented by u i and i i , and the grid voltage and current are denoted by u g and i g , respectively. The switching frequency is f sw (in Hz) or ω sw (in radians per second).
The grid is stiff enough such that it is considered an almost ideal voltage source. The transfer function of the LCL filter is
Eq. (11) determines the minimum value of L = L 1 + L 2 for which the IEEE 519-1992 standard recommendations are satisfied for current ripple at the switching frequency [25] . The size of L depends on the resonance frequency ω r .
Now, using L and ω r , the value of C is calculated from Eq. (13) .
According to (13) , while ω r is constant, the values of L and C can be adjusted if the computed L from (11) is very small and/or C ≥ 1 p.u. The response of the closed-loop system can be adjusted by the resonance frequency of the LCL filter. The closed-loop system will be unstable if some voltage/current harmonics coincide around the resonance frequency. To overcome this problem, a damping resistance is paralleled with the LCL filter capacitor [25] . The parameters of the designed LCL filter are given in Table 1 . Figure 6 shows that the ratio of i g to u i is decreased when the switching frequency increases. The LCL filter is designed for high-power VSCs with the minimum switching frequency of 10 kHz. In the simulations, the IGBTs are used as the most suitable switching devices for such applications.
Simulation results and discussion
In this section, the performance of DSTATCOM including its proposed control algorithm is verified using simulation studies carried out in PSCAD/EMTDC software environment.
Test system
In this section, the IEEE standard 13-bus industrial system whose single-line diagram is depicted in Figure 7 is used as the test system. The test system is implemented in PSCAD/EMTDC software. The control methods of Figure 2 (9) are employed to control the DSTATCOM. The DSTATCOM is a 12-pulse inverter whose phases can be controlled separately. Thus, the DSTATCOM acts as 3 single phase converters so that it can inject zero-sequence current.
The plant is fed from a utility supply at 69 kV and the local plant distribution system operates at 13.8 kV. The local (in-plant) generator is represented as a simple Thevenin equivalent circuit with the internal voltage of 13.8 ∠ − 1.52
• kV, determined from the converged power flow solution. The equivalent impedance is the subtransient impedance and equals 0.0366 + j1.3651 Ω . The plant power factor correction capacitors are rated at 6000 kVar. As is typically assumed, the leakage and series resistance of the bank are neglected in this study. A detailed description of the system is given in [26] . In the simulations, the DSTATCOM is connected to bus "05:FDR F". The whole DSTATCOM configuration, which is already used in PSCAD software, is also shown in Appendix 2.
Power factor correction, harmonic mitigation, and load balancing
In this part, 2 sets of loads are connected to bus "05:FDR F" in order to make some distortions in the feeder currents: 1. In 1 feeder, we have 3 single phase rectifiers each of which is connected to a parallel RC load Figure 8a . Figure 8b shows the current waveforms after connecting the DSTATCOM to bus "05:FDR F". As can be clearly seen, the DSTATCOM has made the current waveforms smooth and balanced. The DSTATCOM injected currents are shown in Figure 8c . Part (d) in Figure 8 shows the result when a PI controller is used for load balancing (block diagram of Tables 2-4 are also useful to show the superior performance of the DSTATCOM.
The harmonic spectrum of phase 'a' of the source current before and after compensation is shown in Figure 9 . In this figure, all harmonics up to the order 31 are shown. The amplitudes of harmonics are less than 3.5 A while the amplitude of fundamental component is about 200 A. The current THD for each phase before and after compensation is given in Table 2 . The THD is significantly decreased when the DSTATCOM is in service. The results of Table 3 validate the capability of the DSTATCOM in load balancing. The imbalance factor is defined as the ratio of the amplitude of negative-sequence to the amplitude of positive-sequence [24] . The imbalance factor for a specified harmonic component is defined as the ratio of the amplitude of negative-sequence of a given harmonic to the amplitude of positive-sequence of the fundamental component. As can be seen in Table 3 , the current imbalance factor for the crucial harmonics is well below when the proposed DSTATCOM is used. As discussed in section 1, the classic power factor definition cannot be used under harmonic and unbalanced systems conditions. For example, as shown in Table 4 , the PF is 97% for the uncompensated source currents according to its classic definition whereas it is 86% if the IEEE std 1459-2010 is used. Figure 10 shows the voltage and current of phase "a" before and after compensation. In order to better compare the voltage and current waveforms in the same figure, the voltage has been scaled down to 5% of its original magnitude. As observed from Table 4 and Figure 10b , the power factor is increased to 99% and therefore the load current and voltage waveforms are almost in-phase. Thus in this paper a PR controller was designed and compared to the conventional PI controller. Moreover, power factor correction was performed when the power system is under harmonic and unbalanced conditions. An LCL harmonic filter was used as it is advantageous in terms of size, cost, and performance compared to its L or LC counterparts. The proposed DSTATCOM including its control algorithm was simulated in PSCAD/EMTDC software for various scenarios, e.g., compensation of harmonics resulting from nonlinear loads, load balancing, and power factor corrections. As compared to the PI controller, the performance of the proposed control strategy is significantly improved by employing the PR controller. Simulation results confirm the capability of the presented DSTATCOM in improving the power quality of distribution systems.
Conclusion
This paper presents a new control strategy for a DSTATCOM to overcome the power quality issues, e.g., harmonics and unbalance conditions. In particular, a PR controller is designed and compared to the conventional PI controller. Moreover, power factor correction is performed when the power system is under harmonic and unbalanced conditions. An LCL harmonic filter is used as it is advantageous in terms of size, cost, and performance compared to its L or LC counterparts. The proposed DSTATCOM including its control algorithm is simulated in PSCAD/EMTDC software for various scenarios, e.g., compensation of harmonics resulting from nonlinear loads, load balancing, and power factor corrections. As compared to the PI controller, the performance of the proposed control strategy is significantly improved by employing the PR controller. Simulation results confirm the capability of the presented DSTATCOM in improving the power quality of distribution systems.
Appendices Appendix 1. P+Resonant and PI controller parameters
The parameters of the 3 PR controllers given in Figures 2 and 3 are as follows. The cut-off frequency for all PR controllers, ω cut , is set to 0.5 rad/s. ω 0 is set to zero for P+Resonant1 and P+Resonant2, and it is set to 314 for P+Resonant3. Parameter k p is set to zero in all 3 controllers. The value of k i is set to 1 in P+Resonant controller 1 and 2 and is set to 10 in P+Resonant3. In the case of the PI controller, k p is set to 1 and k i is set to 10.
Appendix 2. The PSCAD model for DSTATCOM structure and controllers Figure 11 shows the DSTATCOM model used in simulations and Figure 12 shows the control blocks. 
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